An electromagnetic (EM) wave-absorbing material with a three-layer structure is prepared by depositing magnetic particles and a high-temperature resistant coating on the surface of the carbon fiber (CF) with in situ hybridization. Accordingly, the structure, chemical composition, morphology, high-temperature resistance, EM characteristics, and EM wave absorption of the composite materials were analyzed. The composite materials contained CFs, and the magnetic particles, such as Fe 3 O 4 , NiFe 2 O 4 , CoFe 2 O 4 , and Ni 3 Fe, distributed along the axial direction of the fiber, while boron nitride (BN) existed in the outermost coating layer. This preparation method improves the oxidation resistance and EM wave absorption performance of the CF. When the concentrations of the metal salt solution and the original BN solution are 0:625 × 1:5 mol L -1 [nðFeCl 3 Þ: nðCoSO 4 Þ: nðNiSO 4 Þ = 2 : 2 : 1] and 4 mol L -1 [nH 3 BO 3 : nCOðNH 2 Þ 2 = 1 : 3], respectively, the thermal decomposition temperature of the prepared CF/1.5FeCoNi/2BN is increased from 450°C to 754°C. In the frequency range of 10.6-26 GHz, the EM wave loss is less than −10 dB (the bandwidth spans 15.4 GHz). The CF-based composite material prepared in this study has the characteristics of light weight, wide absorption band, and strong oxidation resistance and constitutes the reference basis for the study of other high-temperature, EM wave-absorbing materials.
Introduction
When the aircraft travels through the air-intensive, lowaltitude atmosphere, its surface temperature reaches several hundreds or even thousands of degrees Celsius within a short period of time [1] . Accordingly, at these temperatures, the absorbing materials on its structure cannot meet the radar requirements. Compared with graphite and spherical particles, carbon fiber (CF) has unique anisotropic characteristics, increased strength, and excellent thermal stability [2, 3] . It is not only extensively used in the reinforcing phase of composite materials, but it is one of the preferred materials for electromagnetic (EM) wave absorption. It is thus one of the preferred EM wave-absorbing materials, especially for high-temperature applications [4] [5] [6] [7] . However, commercial carbon fiber exhibits metal-like properties, and its surface resistivity is low (<10 -5 Ω·m). It is a strong reflector of EM waves, so it must be structurally designed and chemically doped or surface modified to change the EM wave absorption performance of CFs [8] .
Wei et al. [9] controlled the carbonization temperature to control the CF conductivity in the range of 10 -3 -10 3 Ω·m to prepare CFs that met the EM wave-absorbing requirements. Ishikawa [10] prepared a high-strength CF material with EM wave absorption and good electrical and magnetic properties based on the mixture of a magnetic metal powder, such as iron into a polyacrylonitrile spinning solution at a high Curie temperature, followed by its heating and carbonizing at temperatures in the range of 350-800°C. To date, many studies have been conducted on the direction of CF surface modification. Studies have shown that the introduction of metals, magnetic particles, high-molecular polymers, and ceramic equivalents on the surface of the CFs can effectively improve the electromagnetic properties of carbon fibers [11] [12] [13] . If nickel and Fe 3 O 4 are coated on the surface of the CF using electroless plating [14, 15] , or if magnetic particles are formed on its surface in situ [16] , the CF-based composite prepared by these surface modifications has an EM wave absorption performance that is superior to that of pure CF. Although various modifications of CF can improve the EM absorption properties of the material, the CF itself and the added metal and magnetic particles are exposed to air, especially in a high-temperature environment, thus making it susceptible to oxidation or corrosion. This limits its CF applications in high-temperature environments. Accordingly, depositing ceramic coatings on CF surfaces is an effective way to improve the material's high-temperature resistance and absorbing properties. Yan et al. used a onestep chemical vapor infiltration process to deposit silicon carbide (SiC) coating and SiC-C on the surface of CF [17] , while Lii et al. used a dip coating that contained boric acid and a urea solution to form a boron nitride (BN) coating on the surface of the CF with high-temperature thermal decomposition [18] . All these methods can improve the high-temperature resistance and absorbing properties of CFs. Previous investigations have shown that boron in BN reacts with oxygen at temperatures above 900°C, forming B 2 O 3 on the surface [19] . Therefore, by adjusting the loading of BN and magnetic particles, we can obtain materials with different electromagnetic wave absorption capabilities and oxidation resistance.
In this study, CF with dielectric loss is used as the inner layer, iron soft magnetic particles with magnetic loss are used as the intermediate layer, and the BN with hightemperature insulation and wave transmission properties is coated on the outermost layer of the CF. The traditional coating methods include electroplating, electroless plating, and reduction. However, these methods induce pollution in the environment during the production process. Conversely, the magnetic coating is difficult to diffuse into the fiber mat. In this study, a CF-based EM wave-absorbing material with a three-layer structure was prepared by a high-temperature heat treatment process.
Materials and Methods
2.1. Preparation of CF/FeCoNi/BN Composites. CF/magnetic particle/BN (CF/FeCoNi/BN) composites were prepared as illustrated in Figure 1 . The typical procedure for the preparation of CF/FeCoNi/BN composites is as follows: (a) FeCl 3 , CoSO 4 , and NiSO 4 were supplied by Sinopharm Chemical Reagent Co., Ltd. Subsequently, [nðFeCl 3 Þ: nðCoSO 4 Þ: nðNiSO 4 Þ = 2 : 2 : 1] was dissolved in deionized water. (b) Polyacrylonitrile-(PAN-) based preoxidative felt (Nantong Sen Carbon Fiber Co., Ltd., fiber diameter of 1.5 dtex, 300 g/m 2 ) was then cleared, and the felt was added to solution 1 [nFe : nCo : nNi = 2 : 2 : 1], whereby the rolling surplus rate was 600%. After drying, the PAN-based preoxidative fibers, which contained metal salts, were heat-treated at 650°C for 60 min in N 2 gas and covered the surface of the CF with a layer of magnetic particles. Finally, the resultant solution was mixed with solution 2 [nH 3 BO 3 : nCOðNH 2 Þ 2 = 1 : 3] which contained three dip strands. The rolling ratio was 200%. The solution was then dried and treated at 500°C for 30 min. The prepared material was a three-layer CF matrix composite material (CF/FeCoNi/BN). CF/FeCoNi/BN was prepared with different metal salt solutions and different BN solutions. The BN compositions are given in Table 1 .
Characterization.
Phase structural analysis of the prepared CF/FeCoNi/BN was performed by X-ray diffraction (XRD, Rigaku D/max-2500PC) with CuKα radiation. A scanning electron microscope (SEM, Scios DualBeam) equipped with an energy dispersive spectrometer (EDS) was used for morphological observations and elemental analyses. The chemical compositions of the BN coating were analyzed by Fourier transform infrared spectroscopy (FT-IR, Nicolet iS10). The magnetic properties were achieved using a vibrating sample magnetometer (VSM; Quantum Design MPMS) at 300 K. The formation mechanism was analyzed by thermogravimetry/differential scanning calorimetry (TG/DSC, Netzsch 214 Polyma) at a heating rate of 5°C/min from 60°C to 1000°C in an argon atmosphere in the presence of air. The EM characteristics (relative complex permittivity 
Infrared
Analyses. The infrared (IR) spectra of the CFs that were coated with different BN concentrations are shown in Figure 3 , and the IR spectrum of the uncoated CFs is also shown for comparison. The CF impregnated with the mixed solution of urea and boric acid has absorption peaks at 780 and 1380 cm -1 after high-temperature treatment, which correspond to B-N in-plane stretching and B-N-B out-of-plane bending [18, 21] , respectively. The O-H band in the range of 2800-3600 cm -1 , the C-N band at 1023 and 1190 cm -1 , and the absorption peak became more obvious as the original BN solution concentration increased. This means that despite the high-temperature treatment, some of the urea and boric acid are not completely decomposed. This may be attributed to the insufficient processing time or processing temperature. The IR spectroscopy results were consistent with those obtained from the XRD analyses. It can be observed that there is a BN coating on the outermost surface of the prepared CF-based composite.
Morphological Analyses.
The surface topography of the material is shown in Figure 4 . It can be observed that the prepared composite material has magnetic properties because 3 Journal of Nanomaterials the fiber surface covers a large number of magnetic particles with magnetic loss properties. At the same time, after the PAN-based preoxidized silk was finished by the metal salt and the BN source solution, the magnetic particle and the BN coating layers appeared in succession on the surface of the fiber. After the deposition of the BN coating, a film was formed on the surface of the CF. This film enhances the heat resistance of the material and may also enhance the absorbing properties of the material in certain conditions [22] . The surface of the CF that is not covered with the BN coating contains no film, and only the magnetic particles are distributed. After the metal salt is impregnated, the surface of the fiber is uniformly distributed with magnetic particles, and the larger the concentration of the metal salt is, the larger are the magnetic particles [16] . The concentration of boric acid is different, and the surface morphology of the CF is also different. The thicker the BN concentration is, the thicker the film covering on the surface of the CF is. When the concentration of boric acid is 1.5 mol L -1 , needles are formed on the surface of CF, and the surface coating of the fiber appears. Based on the analyzed results, it is inferred that after the high-temperature carbonization has covered the BN coating, all the fibers maintain their surface topographies and microstructural properties. At the same time, there are many protrusions on the surface of the fiber, and the density is relatively large and evenly distributed. These large-area protrusions help increase the interfacial effect and strengthen the fiber's ability to absorb EM waves [23] . The uniform distribution of magnetic particles and BN on the surface of the fiber is beneficial in maintaining the stability and improving the oxidation and corrosion resistances of the material. Furthermore, there is a gap between fibers, which is beneficial for the penetration of the EM in the material and for the reduction of the loss caused by the EM in the material. Figure 5 shows the EDS elemental analysis of the fiber surface. We can clearly see the presence of B, N, C, Fe, Co, Ni, and other elements on the surface of the CF. These elements are important components of magnetic particles and BN. Figure 6 shows a scanning view of the element surface of CF/1.5FeCoNi/2BN. It can be observed that B, N, C, Fe, Co, and Ni are uniformly distributed on the surface of the fiber. B and N constitute a high-temperature resistant BN coating, which can increase the oxidation resistance temperature of the CF, reduce the surface resistance of CF, and reduce the reflection of EM by fibers. At the same time, the surface of the fiber is evenly distributed with soft magnetic particles composed of elements, such as Fe, Co, and Ni. These magnetic particles have obvious absorbing properties and are commonly used for electromagnetic wave absorption [15, 16] . Additionally, various EM-absorbing materials form a special structure on the surface of the fiber and have a rich interfacial polarization that is beneficial to the improvement of the EM wave absorption performance of the material. 3.6. Thermal Analyses. Figure 8 shows the TG and DTG curves of the boric acid and urea mixture in the presence of N 2 . When the temperature is approximately 94.5°C, the boric acid undergoes dehydration to form H 2 B 4 O 7 [24] . When the temperature is approximately 180°C, a fast loss of weight is documented that is attributed to the condensation and hydrolysis reactions of urea that release a large amount of NH 3 [25] . When the temperature reaches~304.5°C, the boric acid is completely dehydrated to form B 2 O 3 and H 2 O. As the temperature is further increased, B 2 O 3 and NH 3 react to form BN. The reaction equations that describe the entire process are given below: Figure 9 shows the TG and DTG curves of different materials in the presence of air. We can observe that pure CF begins to oxidize and decompose in air at 450°C and is completely oxidized at 670°C. At the same time, we found that the thermal decomposition temperature of CF decreased Journal of Nanomaterials after it was covered with soft magnetic particles. This is because the presence of metal ions catalyzes the oxidation of CFs [26] . When BN is deposited, the thermal decomposition temperature of the CF-based EM wave-absorbing material is remarkably improved. We can observe that there are multiple decomposition temperatures in the thermal decomposition curve of the material after the BN deposition. Because of the 30 min treatment at 500°C, the urea and boric acid decomposition was partially incomplete. Based on IR analyses, it can be observed that the two compounds are not completely decomposed. Therefore, it is considered that the last decomposition temperature region is the temperature at which the CF actually begins to decompose. When the concentration of the BN stock solution is equal to unity (nH 3 BO 3 = 0:5 mol L −1 and nCOðNH 2 Þ 2 = 1:5 mol L −1 ), the decomposition temperature appears to be approximately equal to 622°C. This is because the concentration is low, which results in an insufficient BN thickness and coverage area on the fiber surface, and ultimately leads to a low-thermal decomposition temperature. Further increase of the impregnation concentration can increase the coverage of BN and thus lead to an increased decomposition temperature. As it can be observed from the figure, when the concentration increases by a factor of two to three, the decomposition temperature is increased to 754°C and 804°C, respectively. This is because when the concentration becomes high, the BN content of the outermost layer of the fiber increases, which enhances the oxidation resistance. Even though the temperature rises to 650-1000°C, BN begins to oxidize and eventually fails, but the B 2 O 3 film formed by BN oxidation can act as a barrier to prevent oxygen permeation [27] and thus delays the oxidation rate of the fiber. These findings show that after the modification of BN coating, the initial and final oxidation temperatures and the oxidation resistance of the material are all improved. Journal of Nanomaterials polarization mechanism in this frequency range [28] . The outer layer of the magnetic particles is combined with the BN layer, and ε ′ of CF/1FeCoNi/2BN, CF/2.5FeCoNi/2BN, CF/1.5FeCoNi/1BN, CF/1.5FeCoNi/2BN, and CF/1.5FeCo-Ni/3BN becomes smaller because BN is a high-resistance electromagnetic wave-absorbing material [29] , so the surface resistance of carbon fiber-based magnetic fibers decreases, and ε′ also decreases. From the curve of ε″, we observe that there is a broad dielectric resonance peak around 10 GHz, and there is a significant dielectric relaxation phenomenon [30] . In comparison with the ε″ values of some other carbon/magnetic composite materials [31] [32] [33] , the value of ε″ is too small. Thus, it can be inferred that the prepared material has higher resistance. The reason for this may be that the BN resistance is high, and the resulting composite material has fewer defects. In general, a suitable resistance and dielectric loss are beneficial for improving the electromagnetic wave absorption performance of the material. From Figures 9(d) and 9 (e), we can observe that the curves Journal of Nanomaterials of μ ′ and μ ″ of the uncoated BN magnetic fiber composite materials show little fluctuation, and their values are around 1 and 0, which is consistent with the description in the literature [34] . Another report similarly indicated that magnetic loss of the carbon magnetic composite material is not a key factor for its electromagnetic absorption performance [35] .
EDS Analyses.
Because of the addition of BN, the values of μ ′ and μ ″ of carbon magnetic materials have increased significantly, indicating that the presence of BN enhances the magnetic loss performance of the material, which is a very interesting phenomenon. Furthermore, an obvious magnetic resonance peak appeared near 12 GHz, which is due to the surface effect and spin wave excitation of magnetic particles [36] . The dielectric loss tangent and magnetic loss tangent can characterize the dielectric loss and magnetic loss of the material, respectively. The dielectric loss and magnetic loss are two main mechanisms whereby materials absorb electromagnetic waves. To determine the dominant mechanism in the material, we calculated the tan δe and tan δm of each sample. The results are shown in Figures 10(c) and 10(f). We found that for materials covered only with magnetic particles, tan δe of CF/1FeCoNi is approximately 0.2, the other materials are at 0 attachments, and tan δm of carbon magnetic materials is essentially 0. However, after covering BN, both tan δe and tan δm in the sample can reach a certain value; for example, tan δe of CF/1.5FeCoNi/2BN is between 0.1 and 0.35, and tan δm is between 0.2 and 1. The existence of BN shows that the electromagnetic absorption of the prepared carbon magnetic material has both dielectric loss and magnetic loss. However, in practical applications of electromagnetic wave-absorbing materials, impedance matching, electromagnetic loss synergy, and the three-dimensional structure of the material can greatly affect the electromagnetic wave absorption performance of the material [34, 37, 38] . Journal of Nanomaterials 3.8. EM Wave-Absorbing Properties. Figure 11 shows the EM wave absorption curve of CF matrix composites. We can infer that the loading of the magnetic particles on the surface of CF affects the EM wave absorption performance of the material. When the concentration of the metal solution is 0.625 mol L -1 , the electromagnetic wave loss of the material within the 8.7-16.1 GHz band is less than -10 dB, and the lowest loss is −30.62 dB. As the concentration of metal salt increases, the EM wave absorption performance of the material diminished. This is attributed to the fact that when the concentration is increased, magnetic particles on the surface of the fiber become larger. This affects the EM wave absorption performance [12] , thus causing the alloy on the surface of the fiber to increase, which leads to the Figure 11 : EM wave absorption properties (a, b) of materials prepared at different conditions. 9 Journal of Nanomaterials formation of a conductive network between the fibers. The EM wave absorption performance is thus weakened [39] . At the same time, the EM wave absorption performance of the material can be optimized after the outermost layer of the magnetic particles is covered with BN. We found that CF/1.5FeCoNi/2BN has an electromagnetic wave loss <−10 dB (bandwidth of 15.4 GHz) in the frequency range of 10.6-26 GHz. This is attributed to the fact that when BN is deposited, there is a contact between the fibers and BN, fibers and magnetic particles, and magnetic particles and BN, which creates a large number of interfacial effects and produces more interfacial polarization [23] . In addition, BN is a high-resistance material that can affect the formation of conductive networks and reduce the reflection of EM waves. When the dielectric loss, magnetic loss, and material structure work together, the EM wave absorption properties of the material can be enhanced [40, 41] . At the same time, we found that when the loading of magnetic particles and the thickness of BN coating changed, the EM wave absorption properties of the material also changed. We found that when the BN preparation solubility increased by a factor of two, the EM wave absorption performance first increased and then decreased as the concentration of the metal salt increased. This was because the BN resistance was large, and the fiber dielectric loss, interface effect between the magnetic particles and the CF, and electronic transition were all changed after the fiber surface was covered. When the content of soft magnetic particles was small, the original electronic transition network and interface polarization effects were affected and changed, and the EM wave absorption performance also changed. When the metal salt concentration was high, the magnetic particles supported on the fiber surface became larger. An excessive number of magnetic particles make the EM wave absorption process ineffective [16] . Similarly, the variation of the thickness of the BN coating on the surface of CF also affected the EM wave-absorbing composites in which the three-dimensional network structure and various lossy materials worked synergistically. Based on the above considerations, the influencing mechanism requires further study.
Conclusions
In this study, PAN-based CF was selected as the substrate, and its high-temperature resistance, oxidation resistance, high strength, and light weight were fully utilized to yield good EM wave absorption performance and a strong corrosion resistance. The magnetic particles were supported on the surface of the CF by in situ hybridization, and the outermost layer was coated with a high-temperature resistant BN. A three-layer CF-based, high-temperature, EM waveabsorbing material with light weight and a broad absorption response was prepared. This special structure mediated electrical loss, magnetic loss, and three-dimensional network synergy that enhanced the material's EM wave absorption performance. The prepared CF/1.5FeCoNi/2BN had an absorption bandwidth of 15.4 GHz (10.6-26 GHz) with a reflection loss that exceeded −10 dB. At the same time, the presence of BN significantly improved the oxidation resistance of CFs. The CF/1.5FeCoNi/2BN sample began to decompose at approximately 754°C, which increased the thermal decomposition temperature of the CF by 304°C. From the perspective of a comprehensive performance, the CF/FeCo-Ni/BN composite absorbing materials have the potential to become new types of high-temperature absorbing composite materials with excellent response characteristics, including broadband, high efficiency, stability, and light weight.
